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Abstract 
 
Iconic and significant buildings are the common target of bombings by terrorists causing 
large numbers of casualties and extensive property damage. Recent incidents were 
external bomb attacks on multi-storey buildings with reinforced concrete frames. Under 
a blast load circumstance, crucial damage initiates at low level storeys in a building and 
may then lead to a progressive collapse of whole or part of the structure. It is therefore 
important to identify the critical initial influence regions along the height, width and depth 
of the building exposed to blast effects and the structure response in order to assess 
the vulnerability of the structure to disproportionate and progressive collapse. 
 
This paper discusses the blast response and the propagation of its effects on a two 
dimensional reinforced concrete (RC) frame, designed to withstand normal gravity 
loads. The explicit finite element code, LS DYNA is used for the analysis. A complete 
RC portal frame seven storeys by six bays is modelled with reinforcement details and 
appropriate materials to simulate strain rate effects. Explosion loads derived from 
standard manuals are applied as idealized triangular pressures on the column faces of 
the numerical models. 
 
The analysis reports the influence of blast propagation as displacements and material 
yielding of the structural elements in the RC frame. The effected regions are identified 
and classified according to the load cases. This information can be used to determine 
the vulnerability of multi-storey RC buildings to various external explosion scenarios and 
designing buildings to resist blast loads. 
 
Keywords: Blast analysis, Reinforced concrete frames, Damage propagation, Finite element analysis, 
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1. Introduction. 
 
Deliberately targeted bomb attacks by terrorists on multi-storey buildings are hazards that destroy large 
numbers of people and public property. Bomb attacks on the World Trade Centre, New York City, 1993, 
2001, Alfred P. Murrah Federal Building, 1995, Khobar Towers, Saudi Arabia 1996, London Docklands 
1996, Central Bank, Sri Lanka 1996, 7/7/05 London, UK and Lahore City, Pakistan, 2008 are the most 
notable recent examples [1, 13 and 21]. Figure 1 (a) and (b) show the structural damage due to bomb 
attacks on the Murrah Federal Building and Khobar Towers. Blast loading and its effects on a structure is 
influenced by a number of factors including charge weight (W), location of the blast (or stand off 
distance), geometrical configuration and orientation of the structure (or direction of the blast) [4, 18]. 
Structural response will differ according to the way these factors combine with each other. The potential 
threat of an explosion is random in nature. Therefore the analysis becomes complex and it is necessary 
to identify the influence of each factor in relation to the most credible event when assessing the 
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vulnerability of structures. This paper examines blast pressures and impulses on critical regions within a 
reinforced concrete frame in relation to directional influence and proximity.   
 
 
 
 
 
 
  
                                 (a)                                                                                 (b) 
Figure 1:  Following the bomb attack at (a) Alfred P. Murrah Federal Building Oklahoma City, 1995 (b) Khobar 
Towers Saudi Arabia, 1996 [1,13 ] 
 
Detailed information on blast analysis on buildings is not easily accessible or published for security 
reasons. Indentifying the vulnerability of multi-storey buildings with RC frames and evaluating potential 
damage with current resources is very limited. Therefore, a detailed investigation of the nature and 
probability of progressive collapse of multi-storey buildings becomes important [11]. 
 
When an external bomb succeeds as a car or truck bomb explodes besides a multi-storey building, the 
initial damage to structural elements at lower levels of the building reduces their load carrying capacity. 
This initiates the progressive collapse of the entire structure [2, 10]. Therefore, the region of influence of 
the blast in a building should be identified to effectively design or retrofit vulnerable components. This 
paper presents the identification of regions of influence using deflection and yield criteria for the structural 
components in the frame by numerical analysis with LS DYNA. 
 
Available methods of computer modelling used for blast analysis can be categorised as coupled or 
uncoupled analysis. In coupled analysis, both blast load prediction and structural modelling are achieved 
together in one model. Uncoupled analysis models and analyses structures by applying pre-determined 
loads separately. Coupled analysis tends to be less accurate due to software limitations. This 
investigation uses uncoupled analysis for greater accuracy [12]. 
 
2. Explosion Loads and Basic Characteristics. 
 
A detonation is the sudden release of energy by chemical reaction on a large scale. This energy 
increases the temperature of the surrounding air up to 30000C and then creates high pressure gas shock 
waves radiating with initial pressures around 3 x 107 Pa at the source. These waves radiate from the 
origin of the explosion at speeds of around 7000 m/s [8, 12, 20 and 21]. Blast phenomenon ends in about 
5 to 10 milliseconds. The overpressure of the shock waves decay over distance from the explosion, as 
illustrated in Figure 2(a) [20]. The pressure variation at a point after the blast is represented as a time 
profile, in Figure 2(b) [15]. The profile has three components called incident, dynamic and reflected which 
represent all possible shock wave effects at that particular point. These profiles are enveloped by two 
main positive and negative phases. 
 
The shock pressure created directly by the blast is represented by incident over pressure profile. While 
the gas particles behind the front wave are in motion at lower velocities, the flow of the air mass behind 
creates a wind. Dynamic pressure is associated with this wind behind the shock front. It is a function of air 
density and wind velocity [20]. When a shock wave hits a rigid surface, it reflects and magnifies according 
to the incident angle between the direction of wave and surface. This is correlated with a reflected 
pressure profile, with the highest peak magnitude [20]. 
 
TM 5 1300, published by US Departments of the Army, the Navy and the Air force is the best known 
source in literature among several methods for establishing blast load parameters[20]. Kingery and 
Bulmash, 1984 introduced useful empirical relationships for blast prediction with a different form of scaled 
parameter, widely accepted and used to calculate blast loads for different types of structural analysis [5, 
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6]. Computer programmes such as CONWEP and ATBLAST simulate weapon effects including blast 
loading and are widely used in load evaluation processes in normal practice [16].  
 
 
 
 
 
 
 
 
 
 
 
 
 (a) (b) 
Figure 2: (a) Shock wave propagation with distance [20] (b) Complete overpressure - time profile [15] 
An explosion can be caused by different kinds of explosives with various stand-off distances (distance 
between target and the blast source). Therefore, scaling laws have been introduced to identify or evaluate 
the properties of blast waves. The most widely used form of blast scaling is Hopkinson-Cranz or the cube 
root method and is presented in the following relationship [18];  
3/1W
RZ = , 
Where Z is the scaled distance in m/kg -1/3, R is the range from the centre of the charge (Stand-off 
distance), W is the mass of the spherical TNT charge equivalent. The most blast load parameters are 
presented with respect to scaled distance in many standard sources [6, 20]. Simply, incident 
overpressure variation can be written mathematically for the positive phase as a function of time as [14]; 
 
, 
 
 
Where pso is the peak side-on overpressure, to is the duration of the positive phase of the blast, b is the 
waveform parameter t is the time measured from the instant that the blast wave arrives (at time t = ta ), 
p(t) is the pressure at time t. This relationship is modified assuming linear variation of pressure of positive 
phase with time as [21]; 
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Where, po is ambient atmospheric pressure. Peak dynamic pressure (qo) can be calculated using the 
empirical formula developed by Newmark 1956 [20]; 
 
, 
 
 
The net dynamic pressure on a particular structure can be calculated by multiplying dynamic pressure 
with a coefficient, CD, a parameter dependant on the shape and orientation of a structure. The magnitude 
of the reflected pressure is determined by reflection coefficient (Cr) together with incident pressure (pso). 
The peak reflected pressure (pr) is illustrated as [20]; 
 
, 
 
Cr depends on the peak overpressure value and angle of incident of the wave front to the reflecting 
surface. Evaluation of blast load on a surface is connected with these effects. 
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3. Numerical Modelling of RC Frame 
 
It is very difficult to conduct experimental investigations of blast response of structures due to security 
reasons and high risks associated with explosions. Computer modelling can be used effectively for 
simulating realistic blast effects on a structure [5, 10 and 12]. LS DYNA by Livermore Software 
Technology Corporation was used for the modelling and analysis in this investigation [7]. 
 
The main objective of this study is to identify the damage variation and damage propagation horizontally 
and vertically, in RC portal frames of multi-storey buildings. A seven-storey reinforced concrete portal 
frame with 6 bays was selected in order to limit the computing time  and capacity to achieve good 
accuracy. It is representative of typical multi-storey RC fames which consist of columns and beams 
designed for normal gravity loads. Material properties are assigned 40MPa for concrete compressive 
strength, 500 MPa and 300MPa for the yield strength of longitudinal and traverse reinforcements 
respectively. Transverse reinforcements are 125 mm spacing for beams while 150 mm for columns 
according to typical construction provisions. The height of each storey is limited to 4200 mm and bay 
width is 5400 mm centre to centre of each column. Figure 3 (a) illustrates the cross sectional properties of 
columns with longitudinal reinforcement of 1% of gross area. The beam contains 9200 mm2 top and 
bottom reinforcement in the cross section of 300 mm x 450 mm as shown in Figure 3(b). All columns are 
fixed to the foundation avoiding any displacement or rotation at the base. A two-dimensional model is 
shown in Figure 3(c). 
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Figure 3: (a) Column dimensions (b) Beam dimensions (c) Developed model in LS DYNA 
Line elements were used for reinforcing steel along with three-dimensional solid elements for concrete. 
Material behaviour under blast loading is different to that under static loads due to the inability of material 
to respond to rapid load conditions. This will result in a rise in the yield stress level of the material [12, 22]. 
Therefore, structural elements will show a higher strength capacity than when subjected to static loads. 
This effect is simulated by the material models used in LS DYNA. [17].  
 
Mat 72 REL3 material model for concrete in LS DYNA was used as it  best represents the behaviour of 
concrete and the high strain rate effect that are important for the investigation of dynamic response under 
blast load effects [17, 19]. The model uses one input parameter for unconfined compressive strength of 
different concrete grades. The LS DYNA enables reinforcing steel to be modelled using plastic kinematic 
which represents an elastic plastic material property with a strain rate effect [19]. 
 
4. Blast Loads Evaluations and Structural Analysis.  
 
Blast load parameters for the present analysis were obtained from the empirical relationships developed 
by Kingery and Bulmash, 1984 [6]. Four different load scenarios were developed with different charge 
weights at 10 m stand off distance, as given in Table 1. 
 
These explosive weights can be carried by a car or small truck. Only the positive phase of the pressure 
time profile is analysed and not the negative phase as it has negligible impact on the maximum response 
[21]. Idealized pressure time histories on the face of the exposed columns were established. Arrival time, 
peak pressure intensity and duration at each column along the height were calculated separately 
according to the distance and the incident angle. 
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Case Charge Weight (TNT equivalent) 
1 300 kg 
2 400 kg 
3 600 kg 
4 800kg 
 
Table 1: Blast load cases 
 
Structural analysis was performed with LS-DYNA as it provided a time history analysis [7]. In the initial 
stage of the analysis, normal gravity loads were applied as a ramp function of time on the top of the 
frames to represent dead and live loads imposed on the structure. The ramp load function was used to 
avoid high stress concentration at the top of the frame from rapid vertical load application. There was an 
initial time phase of 70 milliseconds to achieve a steady state gravity load. It was followed by blast loads 
on the face of the exposed columns. Structural response was observed in the analytical model over a 
period of 700 ms which was found to be adequate in order to limit computational effort for enhancing 
accuracy of output. 
 
5. Results and Discussion. 
 
The front column of the ground floor was the first to experience blast loads and the remaining floors 
undergo the blast effect gradually over time. The full propagation of these effects over time is presented 
by changing strain/stress and is illustrated in Figure 4. 
         
                                      (a) At time =0ms                                             (b) Time =8ms 
           
                                       (a) At time =15ms                                         (a) At time =40ms                                              
Figure 4: Damage propagation over time following the explosion for ( Load case 3) 
Propagation effects into the frame were also studied in relation to the variation of the maximum 
displacement of the framing elements. Relationships were established for lateral displacement verses 
vertical displacement for the columns exposed to blast load to identify its effect over the height of the 
building. Figure 5(a) and 5(b) show this relationship for the columns at ground and fifth levels for blast 
load case 2. These figures show that the ground floor column underwent extensive lateral deflection 
before failing due to a loss of vertical load carrying capacity in comparison to the same column at Level 5. 
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Therefore, direct explosion effects along the direction of the blast pressure propagation are less 
significant at Level 5 for this particular load case. Similarly, these relationships were investigated for all 
columns at the applied load cases. 
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      (a)             (b) 
Figure 5: lateral displacement verses vertical displacement of columns for case 3 
A maximum lateral displacement for each column with respect to each load case was established. Figure 
6 shows its deviation along the height of the frame and clearly indicates the significance of direct blast 
effect on four levels of columns for cases 1 and 2 and on five levels of columns for cases 3 and 4.  
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Figure 6: Maximum lateral displacement variation with position of the column (vertical) and load case 
Similarly, the beams of the first floor were selected to determine the blast effects along the direction of the 
frame.  Similar relationships were established (lateral displacement verses vertical displacement) for each 
beam on the first floor. Figure 7(a) and 7(b) show this relationship for the beam of the 1st and 3rd bay of 
the first floor in case 2. Figure 7 identifies no significant variation of horizontal displacement normal to the 
blast direction for any load case. However, significant vertical beam displacement can be seen. 
The strain/stress propagation in the columns and beams was then examined for each load case. The 
blast affected regions along the height of the frame were identified by the column damage at the loading 
face for each case. Column damage is a combination of shear and flexural failure [19]. Beams on four 
levels including the ground floor were adversely impacted for the load case, 1 and 2 and five levels for 3 
and 4.  
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Figure 7: Lateral displacement verses vertical displacement of beams for Load case 3 
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Similar results were obtained using the displacement characteristics discussed above. The overall 
observations are presented in Figure 08 with zones of influence. The regions to the left of the continuous 
and dotted contour lines in Figure 8 denote heavily and moderately damaged regions respectively. 
Collapse can progress along the vertical direction in the heavily damaged regions.  It can be clearly seen 
that the upper levels were also influenced by the reduction in lower column capacities with the onset of 
progressive failure.  The beams on the exposed side try to cantilever due to lack of adequate support and 
either redundant or alternate load paths that may be available in the lateral direction to redistribute gravity 
loads in this study for a 2-dimensional frame. The inference is that three-dimensional investigations are 
necessary to identify the true response of a building frame by accounting for all mechanisms and load 
paths.  However, the direct blast effected region and the possibility of initiating progressive failure can be 
indentified using 2D analytical techniques as employed in this investigation to identify failure mechanisms 
and provide useful information for mitigating blast load impact. On going studies are simulating the 
response of 3 D Framing systems with redundant and alternative gravity load paths. 
      
          Case1 Case2 
       
             Case 3  Case4 
Figure 8: damage regions for each load case 
6. Conclusion. 
A complete Finite Element Analysis of a 2D RC frame with line and solid elements was used to 
investigate the blast influence along the height of a building and the direction of wave propagation using 
LS DYNA. Maximum displacement in vertical and horizontal directions and stress /strain propagation 
were investigated as response parameters in the analysis. The investigation concluded that the direct 
blast pressure will have an adverse impact mainly on the lower levels of a building which is proportionate 
with the charge weight and standoff distance of the external blast event. Therefore, structural analysis of 
a multi-storey building subjected to blast load can be carried out by limiting the size of the model to the 
affected zone comprising a limited number of levels with appropriate boundary conditions and thereby 
preserving the accuracy of the analysis and time consumed. The loads from the upper levels of the 
building can be applied as vertical loads on the selected portion during the analysis. This investigation 
also identified the necessity to extend the current investigation to three dimensional analysis which will 
form an ongoing part of further development. 
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